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Electromechanical actuation of dielectric erlastomer actuators (DEA) is limited by 
electromechanical instability (EMI). We analyse and show that prestretch allows us to 
achieve giant continuously-tunable actuation. We demonstrate experimentally, that a 
maximum possible linear actuation strain of 500% is achievable for a VHB DEA. The 
design is adapted for implementation in tubular DEA for its modularity and 
robustness compared to a flat sheet DEA. A biomimetic arm prototype design is 
demonstrated by coupling 2 tubular DEA to form an antagonistic design which 
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 Background information 1.1
A dielectric elastomer (DE) is a class of electroactive polymer that 
mechanically deforms under electric field [1]. DEs exhibit attributes like large 
deformation, fast response, light weight and low cost.[2, 3]. Hence, it is widely 
used as sensors, generators and actuators 
A dielectric elastomer consists of a thin membrane of polymer, sandwiched by 
compliant electrodes as shown in Figure 1.1. By applying a potential 
difference across the electrodes with an external voltage source, opposite 
charges accumulate on the electrodes. This resultant Maxwell Stress 
compresses the polymer in the thickness direction, leading to expansion in the 
planar direction [4].  
 




Dielectric elastomer actuators (DEA) have been found to have mechanical 




Figure 1.2 Comparison of DE versus competing actuators [5] 
 
DEA functions as a highly efficient electromechanical transducer with the 
ability to undergo large actuation with high energy density greatly. Multiple 
applications have been proposed for implementation like including soft 
robotics [2, 5]. 
 
 Scope & Objectives 1.3
In this thesis, we aim to use existing theoretical models and further analysis to 
develop a procedure for fabricating DEA prototypes which are high 
performance and extendable to existing actuator applications. 
We use the analysis of the material model to guide the development of DEAs. 
A prototype is designed and proposed using the developed actuation technique 
to be comparable with natural muscles. Through the chapters, details on the 
experimental work will be covered for continuity of the project. 
We begin from the analysis and initial development of a flat state DEA. We 
show the mathematical framework to determine and obtain large deformation 
for a DEA. The model is then implemented experimentally and results 
characterized against theoretical model for analysis.  
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We then characterize the cyclic performance of a flat state DEA, providing us 
with insights on the durability of the material. 
We address some of the flaws of a flat state DEA by fabricating a tubular 
DEA and characterize its performance. 
Finally, a bio-mimetic prototype of a human arm muscle is fabricated using 
tubular actuators. An antagonistic system is designed and proposed to replicate 






 Dielectric Elastomer Actuators 2
Studies have shown that when voltage is applied to dielectric elastomers, the 
resultant Maxwell stress produces only up to 30% to 40 % strain before 
dielectric failure [6]. It was later found that the limitation of actuation is due to 
electromechanical instability (EMI) [7]. EMI is defined as the positive 
feedback between the increasing electric field and a thinning dielectric 
elastomer, which leads to catastrophic dielectric breakdown. 
Suppression and elimination of EMI have been proposed and demonstrated in 
various studies. Previous works have illustrated a longitudinal strain of 360% 
by prestretching a VHB4905 by a stretch of 𝜆1𝑝= 2 longitudinally and 𝜆2𝑝 = 5  
laterally [8]. A discontinuous 1692% areal strain is also achieved through 
biaxial actuation and using pressure control to harness the snap through due to 
EMI for VHB4910, Figure 2.1 [9]. 
 
Figure 2.1 Pressure controlled biaxial actuation resulting in 1692% strain 
 
Though previous works have shown prototypes with substantial actuation, the 
designs are difficult to implement and incorporate into actuator systems. We 
propose the development of a free standing DEA, actuating with 1 degree of 




 Mathematical Framework 2.1
A DE in its reference state with the configuration 𝐿1 , 𝐿2  and 𝐻  can be 
mechanically prestretched by applying forces 𝑃1  and 𝑃2 in its principal 
direction. The current state configuration after prestretching is represented as 
𝑙1, 𝑙2 and ℎ, Figure 2.2. 
 
Figure 2.2 Schematic of DE in (a) reference state and (b) prestretched state 
 
Assuming incompressibility [4, 10], we can get the following relation 
 𝜆1𝜆2𝜆3 = 1 (1) 
Where 𝜆𝑖 is the stretch in the i direction, 1 representing longitudinal, 2 
representing lateral and 3 representing thickness. We can then use equation (1) 




















= 𝑠2𝜆2 (3) 
Where 𝜎𝑖 is the true stress in the i plane, 𝑠𝑖 is the nominal stress, taken with 
respect to the original area, in the i direction. 
A DEA can be modelled using its stress-strain relationship and the 
























Where E is the electric field applied and 𝜖 is the dielectric permittivity. 
𝑊(𝜆1, 𝜆2) is the free energy density of the DE correlated to its’ mechanical 
strain response. 
2.1.1 Gent model 
An elastomer consists of a 3D network of polymer chains. At very large 
stretch, the polymer chains become fully stretched, leading to strain-hardening.  
Linear models are incapable of capturing the deformation response of an 
elastomer. We adopt the Gent model [11] which models the non-linear 
response as a DE approaches its’ stretch limit, Figure 2.3. 
 
Figure 2.3 Comparison of Gent and Neo-Hookean model 
 
The strain energy density, 𝑊(𝜆1, 𝜆2), for Gent model is given as,  
 𝑊(𝜆1, 𝜆2)  = −
µ𝐽𝑚
2






)   (6) 
Where 𝐽𝑚 is the limiting stretch and μ is the shear strain modulus. 
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  (7) 
Using equation 4, 5 and 7, we can model the electrical and mechanical stress 
stretch response of DEAs under different initial and boundary conditions. 
2.1.2 “Pure-shear” configuration 
A pure shear DEA can be fabricated as shown in Figure 2.4 . A pristine DE of 
reference length 𝐿1, 𝐿2 and thickness 𝐻, Figure 2.4a, can be stretched to a 
configuration of 𝑙2 = 𝜆2𝑝𝐿2, 𝑙1 =  𝜆2𝑝
−0.5𝐿1 and ℎ = 𝜆2𝑝
−0.5𝐻 by applying a fixed 
lateral prestretch, 𝜆2𝑝. The lateral edge of the elastomer is then clamped with a 
rigid frame to lock the internal nominal stress, 𝑠2, as shown in Figure 2.4b 
giving us a “pure shear” configuration. A dead load, Pdead, can then be applied 
in the longitudinal direction, stretching it to 𝑙1 =  𝜆1𝑝𝐿1, Figure 2.4c. 
Hence, 𝜆1  is defined as the direction of deformation, 𝜆2 is in the direction 
constrained by the clamps, and 𝜆3 is in the thickness direction. Subscript p 
indicates the prestretch applied.  
 
(a) (b) (c) 
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Figure 2.4 (a) Dielectric elastomer in reference configuration, (b) DE with 
lateral prestretch of 𝜆2𝑝 and fixed with rigid clamps (c) A preload 𝑃𝑑𝑒𝑎𝑑 is 
applied to yield longitudinal prestretch, 𝜆1𝑝. 
 
When voltage is applied to the elastomer through the thickness, charges 
accumulate on the surface of the elastomer forming a compressive force, 
known as Maxwell stress. Due to the incompressibility of the elastomer, it 
expands in the other 2 perpendicular directions completing the actuation 
mechanism.  
For a “pure shear” DEA, there are 2 phases of actuation, 
Phase 1, Figure 2.5a: 
In the initial electromechanical actuation phase, the DE elongates solely in the 
longitudinal direction, giving a stretch of 𝜆1. 
Phase 2, Figure 2.5b: 
At a sufficiently high voltage, the voltage induced Maxwell stress balances 
with the lateral nominal stress, 𝑠2. Upon further applying higher voltage, due 
to the disappearance of lateral stress, the elastomer expands in the lateral 
direction. The DEA transits from a “pure shear” configuration to uni-axial 
configuration. As the ends are constricted by clamps, this results in wrinkling 
in the DEA and we denote the lateral stretch as 𝜆2
′ .  








Figure 2.5 (a) Voltage is applied, actuating the elastomer, giving us a stretch 
of 𝜆1. (b) At sufficiently high voltage, the lateral prestress is balanced, 
resulting in expansion in the lateral direction, 𝜆2
′ . 
 
Therefore equation (2) becomes, 





Substituting equation 8 into equation 1 yields, 










 𝑠1𝜆1 + 𝜇(𝜆2










= 0 (10) 
Equation (10) can be solved using the defined initial condition, nominal 
prestress 𝑠1 and prescribing 𝜆1 to obtain 𝜆2
′ . The values can then be used in 




 Analysis  2.2
We analyse the electromechanical actuation and phase transition under 
different states and configuration of dielectric elastomers using our analytical 
model. By varying the parameters, we seek to create models to guide the 
design of experiments for suppressing or eliminating EMI to allow for a 
unidirectional giant actuation.  
We used representative values of 𝐽𝑚 = 125, 𝜇 = 50𝑘𝑃𝑎, 𝜖𝑟 = 4.5 and 
𝐸𝑏𝑑 = 250𝑀𝑉/𝑚 [7, 12-15] for our analysis. 
2.2.1 Varying of lateral prestretch 
We plot the normalized voltage-stretch curves for a DEA with varying 𝜆2𝑝, 
Figure 2.6a. For 𝜆2𝑝 = 1, the entire DEA trend follows a uniaxial state and 
suffers from EMI after small actuation, potentially leading to premature 
dielectric breakdown. By increasing prestretch to 2 and 4 respectively, the 
peak for EMI gets further suppressed and the DEA is able to actuate more 
before EMI occurs. At a sufficiently large prestretch of 𝜆2𝑝 = 6, EMI is 
completely suppressed and the voltage-stretch curve follows a monotonic 
trend. This allows us to electromechanically actuate the DEA across its’ full 
capacity range. The voltage stretch response for actuation in “pure shear” 
configuration is plotted with a green line and uniaxial configuration with a 
blue line. The point of transition from “pure shear” configuration to uniaxial 
configuration is demarcated with a square marker. 
From Figure 2.6a, we can see that there broadly exist two Modes of actuation.  
Mode 1, Undergoes EMI, Figure 2.6b: 
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With small prestretch, the DEA undergoes EMI at the point of transition. The 
DEA exceeds its’ dielectric breakdown strength and breaks down prematurely. 
For an uncontrolled EMI actuation, there is currently no known DEA material 
that survives the jump. Hence, the maximum actuation is given as the EMI 






Mode 2, EMI fully suppressed, Figure 2.6c: 
With a sufficiently large prestretch, EMI is fully suppressed and the DEA 
undergoes a monotonic actuation response, eventually failing by dielectric 
breakdown. The point of intersection of the electrical breakdown strength, 






We investigate the effect of prestretch on the maximum achievable actuation 
stretch from the two Modes of actuation. The maximum actuation stretch is 
plotted for a range of 𝜆2𝑝, Figure 2.6d, with Mode 1 indicated in blue, Mode 2 
in green. We show that with prestretch, we can suppress EMI, increasing the 
region of actuation possible, allowing for higher actuation stretch. The 
maximum actuation reaches a peak in Mode 2, showing that suppressing EMI 
does indeed allow for greater maximum actuation stretch. However, at too 
large of a prestretch, the elastomer is overstretched and the maximum 
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actuation stretch is reduced. The optimum lateral prestretch is determined to 
be 𝜆2𝑝 = 6.5 for a maximum actuation stretch of 12.6. 
 
Figure 2.6 (a) Analytical plot of normalized voltage stretch curve for a DEA 
under pure-shear configuration with varying prestretch. (b) DEA with 
insufficiently prestretch undergoing EMI and thus failing at point of transition, 
𝜆𝑇. (c) DEA with sufficient prestretch, resulting in a monotonic trend, failing 
at point of dielectric breakdown, 𝜆𝑏𝑑. (d) Distribution of maximum actuation 
stretch for varying lateral prestretch, 𝜆2𝑝. 
 
2.2.2 Varying of preload 
Following the analysis of varying prestretch, we vary the applied preload to 




𝝀𝟐𝒑 = 1 
6 
Mode 1 
Mode 2 𝝀𝟐𝒑 = 6.5 
𝝀𝒂𝒄𝒕 =12.6 
 
Mode 1 Mode 2 
𝝀𝑻  
𝝀𝟐𝒑 = 2 




Similarly, we plot the normalized voltage stretch response for varying preload 
and prestretch. Figure 2.7a shows that at small prestretch, we can suppress 
EMI peak with increasing preload at a cost of increasing 𝜆1𝑝, reducing the 
room for actuation. We observe that the breakdown strength of the DEA 
differs for different preload by a slight degree, Figure 2.7b. The distributions 
of maximum actuation stretch for a range of 𝜆2𝑝 with different preloads are 
then plotted and superimposed together in Figure 2.7c. Similarly, Mode 1 
actuation is indicated in blue and green for Mode 2 actuation. 
 
Figure 2.7 (a) Analytical plot of normalized voltage stretch curve for a DEA 
with varying preload 𝑠1. (b) DEA with varying preload undergoes dielectric 
breakdown at slightly different points actuation stretch. (c) Distribution of 





𝝀𝟐𝒑 = 1 
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We show that with increasing preload, the maximum actuation stretch 
decreases and optimum lateral prestretch increases. Preloading although 
helping to suppress EMI, is counterproductive by reducing the maximum 
actuation stretch due to the elongation of 𝜆1𝑝, and requiring a larger prestretch. 
2.2.3 Varying of material properties 
Special purpose DEA can also be developed through the tailoring of DE’s 
properties [16]. From the governing equation, we obtain and vary the 
following material properties 𝐽𝑚, 𝜇, 𝜖𝑟 and 𝐸𝑏𝑑 for our analysis. 
In Figure 2.8a below, we show that even if a DE is developed to have a greater 
electric field strength, the DE will still breakdown prematurely if the dielectric 
breakdown strength lies within the EMI region. 
If the DE is prestretched, suppressing its EMI peak, and at an electric field 
strength of higher magnitude, the DE will be able to actuate and transit to 
uniaxial actuation before breaking down as shown in Figure 2.8b.  
From the distributions of maximum actuation stretch for a range of 𝐸𝑏𝑑, 
Figure 2.8c, we can observe that although 𝐸𝑏𝑑 was varied, at low prestretch 
the trend remains the same. At larger prestretch, higher 𝐸𝑏𝑑 results in larger 
maximum actuation, the optimal prestretch remains the same throughout. We 
indicate the region where the DE does not break down immediately upon 




Figure 2.8 (a) Analytical plot of normalized voltage stretch curve for a DEA 
with varying 𝐸𝑏𝑑. (b) Analytical plot of normalised voltage stretch curve for a 
DEA showing transition to uniaxial actuation without premature breakdown. 
(c) Distribution of maximum actuation stretch for varying lateral prestretch, 
𝜆2𝑝, and dielectric breakdown strength, 𝐸𝑏𝑑. 
 
We follow the same process for  𝜖𝑟 and similarly observe that with higher  𝜖𝑟, 
the DEA still undergoes premature breakdown if the dielectric strength lies 
within the EMI region, Figure 2.9a. From Figure 2.9b, we can similarly 
observe that at low prestretch, the trend remains the same for varying  𝜖𝑟. At 
higher  𝜖𝑟, we can obtain a larger maximum stretch with identical optimal 
prestretch throughout. We similarly indicate the region where the DE does not 
break down immediately upon transiting back to uniaxial actuation in cyan. 
(a) (b) 
𝝀𝟐𝒑 = 1 
(c) 
𝝀𝟐𝒑 = 5.5 





Figure 2.9 (a) Analytical plot of normalized voltage stretch curve for a DEA 
with varying  𝜖𝑟. (b) Distribution of maximum actuation stretch for varying 
lateral prestretch, 𝜆2𝑝, and dielectric permittivity,  𝜖𝑟. 
 
Next, we vary the 𝜇 of the DEA. From Figure 2.10a, we can similarly observe 
that at low prestretch, varying 𝜇 still leads to premature breakdown due to 
EMI. From Figure 2.10b, similar trends are also observed for low prestretch.  
 
Figure 2.10 (a) Analytical plot of normalized voltage stretch curve for a DEA 
with varying 𝜇. (b) Distribution of maximum actuation stretch for varying 
lateral prestretch, 𝜆2𝑝, and shear modulus, 𝜇. 
 
The distributions of maximum actuation stretch for a range of 𝜇, shows that 
with lower 𝜇, the maximum actuation stretch is increased with varying optimal 
(a) (b) 
𝝀𝟐𝒑 = 1 
(a) (b) 
𝝀𝟐𝒑 = 1 
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prestretches. Region where the DE does not break down immediately upon 
transiting back to uniaxial actuation is plotted in cyan. 
We vary the 𝐽𝑚 of the DEA next. From Figure 2.11a, varying 𝐽𝑚 still results in 
premature breakdown due to EMI for low prestretch. The distributions of 
maximum actuation stretch for a range of 𝐽𝑚 also shows similar trend for low 
prestretch, Figure 2.11b. With larger 𝐽𝑚, the maximum actuation stretch is 
increased with increasing optimal prestretches. Similarly, region where the DE 
does not break down immediately upon transiting back to uniaxial actuation is 
plotted in cyan. 
 
Figure 2.11 (a) Analytical plot of normalized voltage stretch curve for a DEA 
with varying 𝐽𝑚. (b) Distribution of maximum actuation stretch for varying 
lateral prestretch, 𝜆2𝑝, and shear modulus, 𝐽𝑚. 
 
By varying DEA material properties, we can tailor the DEA to achieve 
different performance for varying purposes. With softer and longer maximum 
elongations DEA, we can have a DEA with greater maximum actuation stretch. 
With greater electrical resilience in the form of dielectric breakdown strength, 
we can also obtain “stronger” DEAs. With greater polarising strength, DEAs 
are also able to achieve greater maximum actuation stretch. However it is 
(a) (b) 
𝝀𝟐𝒑 = 1 
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evident that without prestretch, the performance of the DEA remains the same 
even after tailoring the material properties. 
It is of worthy note from the analysis that DE electrical parameters do not 




  “Pure-shear” flat DEA 3
From the preceding analysis, we showed that by applying lateral prestretch, 
EMI can be most effectively suppressed, while expanding the actuation space 
in the longitudinal direction. Using our model, we can find out the optimal 
lateral prestretch required for all materials to achieve the maximum actuation 
stretch.  
The challenge is then to obtain an experimentally feasible optimum 
configuration with high gain to apply high voltage for actuation while being 
highly pre-stretched.  
The experiment will be conducted on an acrylic-based elastomer known as 
3M
®
 VHB4905 which has shown promising results from existing works, 





 VHB series 
 
Silicone elastomers have been shown to have fast electromechanical and the 
actuation is not frequency dependent, but are limited to strains of less than 
10%. In comparison, an acrylic-based elastomer like VHB4905 although 
suffers from viscoelasticity, has the potential of actuation with large strains of 
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over 100% [18, 19]. We design our experiments to account for the 
viscoelasticity effects to demonstrate the potential of a properly configured 
and designed DEA. 
 
 Experimental setup 3.1
To verify and utilize the theoretical framework, we seek to demonstrate a 
DEA actuation under a preloaded pure shear configuration.  
A pristine DEA fabricated using 3M™ VHB 4905 is prestretched from the 
reference state to a prestretched state using Zwick Universal Testing Machine 
(UTM) and clamped with plastic rulers of lengths 21cm, Figure 3.2.  
 
 
Figure 3.2 Experiment setup prestretching using UTM 
 
Varying preload is then applied to suppress the electromechanical instability. 
The preload is hung for 30 minutes before voltage is applied. This is so that 
the VHB membrane will not deform under mechanical creep.  
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Carbon grease is used as compliant electrodes. It was coated on the elastomer 
membrane after lateral prestretch is applied. 
Voltage is then applied across the elastomer using Glassman FX60R5 high 
voltage power supply. We adopt a 2-stage linear ramping voltage to maximise 
time allowed for viscoelastic relaxation to set in at the region of large 
actuation, Figure 3.3. An initial linear ramping voltage of 20V/s from 0 to 
2500V is first applied, followed by 0.5V/s from 2500V till the DEA breaks 
down.  
 
Figure 3.3 2 Phase linear ramping voltage time curve for DEA actuation 
 
The exact steps for the process are as follows, 
1. Cut predetermined size of VHB 
2. Applying buffer VHB layer to clamp edges, copper tapes are attached 
to the outer face of the clamps 
3. Alignment of UTM clamps and elastomer using marking to ensure 
even stretching 
4. Stretch using UTM at 2%/s to allow for viscoelastic relaxation 
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5. Only the center region of the original elastomer which has tapers off 
into a horizontal line will be used for the actuation process, Figure 3.4. 
 
Figure 3.4 Prestretched DE showing tapering of DE to the correct prestretch in 
the center 
 
6. Affix lateral clamps to prestretched elastomer, Figure 3.5. 
 
Figure 3.5 Prestretched DE with lateral clamps affixed to region with correct 
prestretch 
 
7. Squeeze air bubbles between clamp and elastomer out, which can lead 
to premature failure if carbon grease seeps in. 
8. The elastomer is sliced with a piece of blade in a chopping manner. 
This is to prevent uneven distribution of material from the “tearing” of the 
material, Figure 3.6. 
9. Paint carbon grease onto elastomer, leaving buffer area to prevent short 
circuiting across the edge 






Figure 3.6 Section along clamps to be chopped off indicated with blue dotted 
line 
 
11. The samples are connected to a high voltage supply with a constant 
current of 50μA. The voltage is increased until electrical breakdown occurs 
12. Care should be taken at the voltage pertaining to positive feedback 
actuation and allow the membrane to creep from viscoelastic effect before 
increment so as to attain maximum actuation 
 Results 3.2
We conducted the experiment with 𝜆2𝑝 = 6 and preload of 83.14g, 131.6g and 
172.16g, giving us 𝑠1 = 0.9321𝜇, 1.4754𝜇 and 1.9302𝜇 respectively. 
From Figure 3.7a-c, we show that a maximum actuation strain of 503% is 
obtained for a preload of 131.6g in Figure 3.7c. The result is bounded by 91.6% 
strain for a preload of 83.14g, Figure 3.7b, and 217% for a preload of 172.16g, 
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Figure 3.7d, demonstrating that the maximum actuation strain is within this 
region. 
We then conduct the experiment with 𝜆2𝑝 = 2 and an equivalent nominal 
prestress of 𝑠1 = 0.0910𝜇 by applying a preload of 24.36g. A linear ramping 
voltage of 5V/s is applied and a strain of 34.5% is obtained. The dielectric 
failure is preceded by a sudden nucleation of wrinkles and actuation. 
 
Figure 3.7 Preloaded “pure shear” DEA experiment at reference and actuated 
state before dielectric breakdown. Actuation is determined by extracting image 
stills of video to count pixels. (a) 𝜆2𝑝 = 2, 𝑠1 = 1.4754𝜇, (b) 𝜆2𝑝 = 6, 𝑠1 =
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We’ve demonstrated a maximum linear actuation of 503% strain for VHB 
4905 using a preloaded pure shear configuration. 
 Analysis and Discussion 3.3
The experimental voltage stretch data are plotted against the analytical 
solution for model validation, Figure 3.8a-d. The voltage stretch response 
trend agrees with the analytical solution for the different preload conditions, 
which is also observed in previous literatures. However, at high lateral 
prestretch with low preload, the DEA fails to actuate to the level predicted by 
the analytical model. 
 
Figure 3.8 Experimentally recorded voltage stretch curve plotted with 
analytical curve. (a) 𝜆2𝑝 = 2, 𝑠1 = 1.4754𝜇, (b) 𝜆2𝑝 = 6, 𝑠1 = 0.9321𝜇 






We tabulate the dielectric breakdown strength of the DEA for different 
preload conditions, Table 1, and it can be easily observed that with a 
combination of preload in both direction, a DEA will yield the highest 
dielectric breakdown strength which agrees with literatures [13]. 
Table 1 Preload applied and the corresponding experimentally determined 
dielectric breakdown strength. 
𝜆2𝑝 Preload, P 
(g) 
𝑠1 Dielectric breakdown strength, 
𝐸𝑏𝑑 
(MV/m) 
2 394.8 1.4754𝜇 49.3709 
6 83.14 0.9321𝜇 44.4190 
6 131.6 1.4754𝜇 203.0534 
6 172.16 1.9302𝜇   173.0553 
 
Due to the physical limit of VHB 4905, we are only able to reliably fabricate a 
pure shear DEA with a maximum 𝜆2𝑝 of 6 before excessive rupturing during 
fabrication occurs. With reference to the analytical model, the type of 
actuation is predicted to be Mode 2. Hence, no preload is required in the 
longitudinal direction to suppress EMI.  
However, from our experiments, a DEA with 𝜆2𝑝 = 6 does not undergo giant 
actuation without a significant preload, Figure 3.7b.  
We investigate the difference between our analytical model and the 
experimental setup to explain this. For the experimental setup, after the 
elastomer is laterally prestretched, we’ll clamp and snip the edge, resulting in 
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the necking of the DEA at the longitudinal edge due to loss of tension, Figure 
3.9.  
 
Figure 3.9 Schematic of laterally-clamped DE experiment setup showing 
necking effect due to high lateral prestretch 
 
We analyse the effect of this necking on the distribution of 𝜆2𝑝 in the DEA by 
drawing gridlines on a prestretched DEA, Figure 3.10a, and allowing the 
necking to set into the DEA. From the grid lines, we can estimate the 
prestretch in the different regions of the DEA, Figure 3.10b. We can easily 
conclude that with high prestretch, a DEA will have necking due to the high 
internal stresses, which results in different Mode of actuation in the DEA. This 
discrepancy from the assumed ideal model translates into a distribution of 
Mode 1 and Mode 2 actuation regions in the DEA, Figure 3.10c, instead of an 
idealized homogeneous Mode 2 actuation. Therefore to achieve large actuation 
with Mode 1 region, preloading is required to suppress EMI state in Mode I 
region for giant actuation. 
Some deviation between experimental results and analytical curve was 
observed in Fig. 3.8, for the following reasons: Firstly, the experimental setup 
deviates as the lateral prestretch was not fully preserved throughout the height 
of the sample (Fig. 3.10), which violates the assumption made in the analytical 
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model. Secondly, previous works show that 𝐸𝑏𝑑 and 𝜖𝑟 are both dependent on 
prestretch. As we plotted the analytical curves by taking representative 
constant values, we would expect the plots to differ under different prestretch. 
 
Figure 3.10 Experiment to analyse the actuation mode distribution in a pure 
shear dielectric elastomer with 𝜆2𝑝= 6. (a) A prestretched DEA before we 
clamp and snip off the longitudinal edges. (b) Experimental setup with preload 
of 131.6g, showing distribution of stretch due to loss of tension at the edge of 
the clamps. (c) Schematic of mode of actuation corresponding to the prestretch 
distribution region in the experimental setup model. 
 
To analyse the effectiveness of using prestretch to achieve large DE actuation, 
we compare the electromechanical actuation limit of our DEA against the 
mechanical limit of the DE material. From Figure 3.11, we can see that the 
electromechanical actuation of the DEA is able to actuate up to 78% of the 
mechanical limit of the material. The ability to harness and access such high 
percentage of the material’s mechanical limit allows us to create DEA with not 
only large actuation, but also large force. 
1.3     4.8   4.4 1.9   = 6 







   
Figure 3.11 Mechanical stress-strain test of a DEA with 𝜆2𝑝 = 6. The average 
mechanical limit is indicated with a blue dotted line and the maximum 









 Performance of VHB actuators 4
To capture the cyclic behavior of the VHB actuator, we’ll need to ramp the 
voltage from the high voltage supply in a cyclic manner. The Glassman 
FX60R5 high voltage power supply is a DC power supply which has a low 
slew rate compared to an AC high voltage power supply. Additionally, as the 
DEA is a capacitor, the high voltage applied has no path for current leakage to 
demonstrate cyclic actuation. Modifications are made to the circuit so account 
for these factors. 
 
Figure 4.1 Voltage signal input and measured value for a RC circuit with 10M 
ohm resistor, a) Sawtooth cyclic waveform, T = 6.2s b) Square cyclic 






Therefore, a simple RC circuit was implemented to achieve the slew rate 
required. Through quantitative testing, in Figure 4.1, we can see that for a RC 
circuit with a 10M ohm resistor and VHB 4905 DEA in parallel, we are able to 
achieve a waveform close to the intended input signal with a period of 2s. 
With a 10G ohm resistor, the resistance is too high for the current to leak away 
and would result in a greater actuation than reality at low voltages, Figure 4.2. 
 
Figure 4.2 Voltage signal input and measured value for a RC circuit with 
10GΩ resistor, a) Sawtooth cyclic waveform, T = 6.2s b) Square cyclic 
waveform, T = 2s 
 
Next, we implemented a visual method to determine the actuation length. We 
record a video of the cyclic actuation using Logitech webcam C920. By using 





threshold limit to achieve a black and white video. This single colour channel 
allows for more efficient and accurate counting as we are able to control the 
experimental setup colour to contrast well with the carbon grease on the DEA, 
Figure 4.3. 
 
Figure 4.3 a) Video frame of a DEA captured during actuation process b) 
Video frame editted to black and white for computation of actuation stretch 
 
An average length of 10 pixels wide width across the center of the DEA is 
used to compute the actuation, an algorithm is additionally set to detect noise 
in the region and minimize computation error. 
 Demonstration of lifting capacity 4.1
We next used the experimental configuration to demonstrate the DEA’s 
capacity to lift load. The DEA configuration for maximum actuation is used to 
demonstrate its capacity to do work by lifting additional weights after 
actuation (Fig 4a). The DEA is actuated with P = 129.09g to 3.1kV to avoid 





additional 100g weight is loaded. We then turn off the voltage and allow the 
DEA to contract, demonstrating its potential to lift and perform work (Fig 4c). 
The DEA finally contracts to a strain of 180%, showing the DEA capacity to 
lift more than 100 times its’ self-weight.     
 
Figure 4.4 (a) DEA with weight of 1.6g with initial preload of 129.09g (b) 
3.1kV voltage is applied to the DEA, actuating to a strain of 320% and fixed 
to add an additional 100g to the system (c) The voltage is then turned off and 
the DEA contracting to a strain of 180% 
 
 Cyclic analysis of flat state VHB actuator 4.2
We also analyse the durability of the VHB actuator by actuating it under 






At a low voltage rate of 50V/s, the viscoelastic material is able to actuate to a 
greater actuation length and hence undergoes a larger electrical and 
mechanical strain. This results in an early breakdown of 21 cycles.  
 
Figure 4.5 Sawtooth cyclic actuation signal at a ramping speed of a) 50V/s b) 
250V/s c) 1000V/s 
At a fast ramping rate of 1000V/s, the DEA actuates rapidly and was able to 







actuation length and also lower mechanical and electrical strain due to the fast 
ramping rate.  
At a medium ramping rate of 250V/s, although the DEA only manages to 
actuate for 222 cycles, the DEA lasted more than 5000s, almost double the 
lifespan time of a 1000V/s ramping rate DEA.  
We deduce that for a DEA, there exists an optimal actuation rate, which 
allows us to harness a substantial actuation length, while minimising 
mechanical and electrical strain on the material. This will allow us to extend 
the durability of DEAs created. 
It is especially worthy of note that all failures begin at the necking edge where 
the necking acts as a shearing force to tear the DEA as indicated with a red 




 Development of tubular VHB actuators 5
To overcome the problem of stress concentration in a flat state actuator due to 
necking in its longitudinal boundaries, we fabricate a tubular DEA wrapped 
around rigid rings [20]. A tubular DEA will have a contiguous profile and 
hence minimizing mechanical failure due to tearing at stress concentrated 
boundaries, Figure 5.1a. 
 
Figure 5.1 a) Tubular DEA wrapped around rigid rings b) Activated DEA by 
applying voltage to the inner surface layer and outer surface layer of the 





The tubular DEA will be coated with carbon grease in the inside and outside 
layer with load attached to the rigid rings for preload and also performing of 
work, Figure 5.1b-c.  
To fabricate the tubular DEA, we replicate the process to fabricate a flat state 
DEA by prestretching it on the UTM. We then roll a ring onto the DEA, 
Figure 5.2a, replacing the flat clamps. However, we found that this leads to 
inhomogeneous prestretch in the DEA when we are rolling it due to human 
error and tension while rolling the DEA.  
To resolve the fabrication errors, we designed and created an acrylic rack and 
pinion system using a laser cutter, Figure 5.2b. The rack will provide the 
support for us to roll the ring onto the prestretch DEA. Additionally, we coat 
the contacting surface of the parts with duct tape which we experimentally 
found to be non-adhesive to VHB.  
 
Figure 5.2 a) Circular rings used to roll a prestretched flat DE to a tubular 
form. Rigid rings are used on the top and bottom to maintain the tubular 
structure for the rolled VHB. The middle rings are coated with duct tapes 
which does not stick to VHB and are disassemble-able from the inner side, 
leaving the active area b) Rack and pinion setup created using laser cutting for 
creating tubular DEA. The DE is prestretched and placed on the rack and the 
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The ring is specially designed with a center layer which can be removed like a 
jigsaw puzzle. This layer is created as a support to prevent the VHB material 
from buckling into the ring while we are rolling it. This allows us to fabricate 
a perfect tubular DEA by rolling it along the length of the rack. 
The significance of creating the perfect tubular DEA allows us to create a 
DEA with multiple layers. This multilayer DEA reduces the effect of having 
an overlaying portion when closing the tubular loop. Furthermore, this 
increases the stability of the DEA as the tubular system is held together by the 
VHB across the entire circumference, instead of a small tab at the end. 
The rack and pinion system was chosen due to its simplicity to operate, 
however this posed a problem when we tried to automate the system using 
motors. The mechanical stress of the VHB and especially rubber at high 
prestretch overwhelms the torque of electrical motors. To improve this, we’ll 
need to use a combination of corkscrew actuation and rack & pinion method to 
automate this process. 
Similar to a flat state DEA, there exists necking in a tubular DEA due to the 
internal stresses, Figure 5.3a. This similarly results in regions of Mode 1 and 
Mode 2 actuation for the tubular DEA, Figure 5.3b. To counteract this, we 
apply preload to the tubular DEA, Figure 5.3a, to suppress EMI. 
We fabricated a double layer tubular DEA by rolling the DEA twice onto the 
rim and applied electrodes on the outer faces. A lateral prestretch of 6 and 
preload of 415g is applied. Actuating at a constant rate of 6.65V/s, we were 
able to actuate the DEA to an actuation stretch of 3.18 before dielectric 




Figure 5.3 a) A tubular DEA with necking along it’s length due to internal 
stresses from prestretching, preload is attached to the rigid rings for 
suppressing EMI b) Schematic of the tubular DEA showing regions of Mode 1 
and Mode 2 actuation 
 
We investigate the durability of the DEA through the same cyclic analysis 
performed for the flat state DEA. We actuate the DEA at a rate of 250V/s to 
3kV and were able to actuate the DEA with more than 1000 cycles, surviving 
almost 7 hours before the program crashed due to memory overflow, Figure 
5.5. 
 
Figure 5.4 a) Tubular DEA with a prestretch of 6 and preload of 415g b) 
Actuated to 3.18 actuation stretch before dielectric breakdown occurs 
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Figure 5.5 Stretch time response of the cyclic actuation of a tubular DEA at 
250V/s 
 
To test the stability of the tubular configuration, we fabricated a tubular 
actuator, preloaded it and left it standing, Figure 5.6a. 
 
Figure 5.6 a) Tubular DEA preloaded b) Tubular DEA preloaded for 10 hours 






The tubular actuator remained intact over 10 hours, Figure 5.6b, and was able 
to actuate upon applying high voltage, Figure 5.6c. This shows superiority 
over the flat state DEA which frequently ruptures within an hour of fabrication.  
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 Antagonistic DEA 6
To create useful DEA prototypes, we adopt a “pure-shear” tubular DEA 
design which has shown to have far superior performance compared to a “pure 
shear” flat state DEA. However, even with a tubular DEA, we are unable to 
avoid preload due to the large lateral prestretch introduced to suppress EMI.  
To overcome this, we seek to design a self-contained preloaded DEA. By 
coupling 2 DEA together, we are able to use the mechanical strain of one DEA 
as a preload to activate a second DEA. As voltage is applied to the DEA, the 
DEA will gradually actuate and “loses” the preload.  This can be visualized 
with a new actuation path on the voltage stretch diagram, Figure 6.1. 
 
Figure 6.1 Normalised voltage stretch diagram of a DEA with the purple 
dotted line showing potential new actuation path for an antagonistic DEA. 
 
To realize this internal coupling DEA, we mimic the biceps and triceps along 
with the human arm’s structure, Figure 6.2. The elbow flexes when biceps 
contract and triceps relax and it extends when biceps relax and triceps contract. 
Mode 2 






By replacing the biceps and triceps with DEAs and creating rigid frame 
structures to replace the bones, a biomimetic arm can be made of coupled 
DEAs.  
 
Figure 6.2 Schematic of a coupled DEA as a bio-mimetic arm 
 
A proof of concept is set up using syringes to simulate the DEA. The 
implementation of the actuator unit will be used in an antagonistic motion. By 
coupling 2 actuator units together, Figure 6.3a, a motion similar to engine 
piston can be recreated by activating the other DEA unit using the pulling 
force as a preload, Figure 6.3b-c. The linear motion can be easily adapted into 










Figure 6.3 Proof of concept of a coupled DEA using syringe as a replacement 
to simulate the mechanical motion a) Coupled DEA at rest state b) Activation 
of lower arm DEA and contraction of upper arm DEA for preload c) 









  Rubber actuators 7
We’ve attempted to replicate the success of fabricating DEA with our model 
using natural rubber. However, the experimental result does not match up to 
the predicted model. The preliminary analysis of the experimental results has 
led us to conclude that the electrode used in tandem with natural rubber 
indirectly caused premature breakdown.  
Carbon grease was used in the original setup for VHB as the compliant 
electrode. However, as natural rubber shows swelling when using carbon 
grease and studies have reported altered material properties related to such 
effects [22, 23], carbon grease was eliminated as a choice of compliant 
electrode.  
Hydrogel was used as an alternate compliant electrode. However, most 
experimental setups suffer from premature breakdown. Localised heating and 
boiling of hydrogel was observed for the experiments. We analyse that this is 
thermal runway due to current leakage, Figure 7.1. 
 
Figure 7.1 Actuation of condom rubber using hydrogel. A localised heating 






We then replicate the VHB4905 experimental setup, which we had previously 
succeeded in actuating over 500% strain, with hydrogel as the compliant 
electrode instead of carbon grease. Thus far, using hydrogel, we are unable to 
replicate similar performance compared to using carbon grease electrode, 
showing a reduction of 20-30% strain.  
As the acrylic based elastomer is not observed to be absorbing the synthetic oil, 
we hypothesize that the only difference in mechanism lies in the possibility of 
conductivity playing a role or the electrode affecting the dielectric permittivity 
of the DEA.  
Work has been poured into synthesizing an electrically-doped elastomer to 
function as a compliant electrode which could potentially solve the issue with 
electrode stability issues. However, the electrode property affecting the 
performance of DEA remains critical in improving the performance of such 
synthesized elastomeric electrode. Further studies will need to be conducted in 




 Conclusion and future work 8
We’ve shown that by applying lateral prestretch, EMI can be suppressed. A 
“pure shear” DEA fabricated using this method is able to achieve an actuation 
strain in excess of 500%. This approaches the mechanical limit of the material. 
The cyclic analysis of a flat state DEA shows promises for the 
electromechanical potential of the material to lift loads exceeding 100 times its 
self-weight. However, the high prestretch introduced results in higher 
localised stresses. 
A tubular DEA with a contiguous profile showed potential to resolve high 
localised stresses present in a flat state DEA. The cyclic analysis of a tubular 
DEA showed superior performance compared to a flat state DEA, boasting a 
much more stable configuration, being able to last over 10 hours, and higher 
durability of over 1000 cyclic actuation without failure.  
A biomimetic arm is demonstrated by coupling 2 tubular DEA to farm an 
antagonistic design which eliminates the need for an external preload. 
The current stage of work lays a strong foundation to develop an artificial 
muscle that is durable, capable of extremely large actuation. Moving forward, 
there is a need to explore new DEA materials other than the existing ones 
currently in used in literatures. Rubber has great potential as a cheap source of 
DE and has superior mechanical properties compared to VHB. With rubber 
there are minimal viscoelastic effects and resolve the frequency dependency 
issue of VHB. Work will also need to be done to resolve the issues of 
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u = 0.05e6; 
er = 4.5; 
e0 = 8.854e-12; 
j_lim = 125; 
EB = 250e6; 
  
  
H = 1e-3; 
L1 = 0.01; 
L2 = 0.2; 
lambda2 = 6; 
lambda1 = 0.4; 
  
f2 = u * (lambda2 - lambda2^-3 * lambda1^-2) * ( 1 / (1 - 
(lambda2^2 + lambda1^2 +  1 / (lambda1 * lambda2)^2 - 3) / 
j_lim)); 
f1 = 0; 
  
sigma2 = f2 * lambda2; 
sigma1 = f1 * lambda1; 
  

















plot(x_6, exp_y(y1, u, e0, er),'xb'); 
plot(x_7, exp_y(y1, u, e0, er),'^k'); 
  
plot(lambda, breakdown(lambda, u, e0, er, 
EB),'r');             % breakdown line 
  
lambda1 = 0.6; 
lambda = lambda1:0.001:7.5; 
f1 = u * (lambda1 - lambda1^-3 * lambda2^-2) * ( 1 / (1 - 
(lambda1^2 + lambda2^2 +  1 / (lambda2 * lambda1)^2 - 3) / 
j_lim)); 
sigma1 = f1 * lambda1; 
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plot(lambda, pre6(lambda, u, j_lim, e0, er, sigma1, 
sigma2),'b');   % 0.6 lambda1 
  
lambda1 = 0.7; 
lambda = lambda1:0.001:7.5; 
f1 = u * (lambda1 - lambda1^-3 * lambda2^-2) * ( 1 / (1 - 
(lambda1^2 + lambda2^2 +  1 / (lambda2 * lambda1)^2 - 3) / 
j_lim)); 
sigma1 = f1 * lambda1; 
plot(lambda, pre6(lambda, u, j_lim, e0, er, sigma1, 
sigma2),'k');   % 0.7 lambda1 
  
  
function g=pre6(lambda1, u, j_lim, e0, er, sigma1, sigma2) 
lambda2 = 6; 
f1 = u * (lambda1 - lambda1.^-3 * lambda2^-2) .* ( 1 ./ (1 - 
(lambda1.^2 + lambda2^2 +  1 ./ (lambda1 .* lambda2).^2 - 3) / 
j_lim)); 
E = sqrt((lambda1 .* f1 - sigma1) / (e0 * er)); 
lambda3 = 1 ./ (lambda1 .* lambda2); 
h = lambda3; 
g=E .* h .* (er * e0 / u)^0.5; 
  
  
function g=breakdown(lambda1, u, e0, er, EB) 
lambda2 = 6; 
h = 1e-3 ./ (lambda1 .* lambda2); 
VB = EB .* h; 
g=VB ./ (1e-3) .* (er * e0 / u)^0.5; 
  
function g=exp_y(y1, u, e0, er) 
VB = y1 .* 1000; 









global J_lim lambda2_T s1_pre phi_pass s1 
options = optimset('display','off'); 
  
act_lambda1 = []; 
act_stretch = []; 
act_lambda2p = []; 
counter = 0; 
  
act_PS_idx = 0; %Point where actuation exist in PS region only 
act_EMI_idx = 0; %Point where actuation exist in Uni region but 
did not fail due to EMI 
%act_Uni_idx = 0; 
  
%| Basic Parameters 
%P = 131.6; %[in grams] 
J_lim = 125; 
scale = 0.99;     % To avoid plotting asymptote 
steps = 10000; 
E_EB = 250.0;       %| Dielectric strength in MV/m 
mu = 0.05;          %| in units of MPa 
epsilon_r = 4.5;    %| dielectric constant 
epsilon_0 = 8.85418781762;                      %| in units of 
pF 
e_EB = E_EB*sqrt(epsilon_r*epsilon_0/mu)/1000;    %| 
dimensionless EB quantity 
H = 0.0005; % in meters 
l2 = 0.21; % in meters 
  
  
for i = 1:0.1:10   %Varying lambda2p 
     
    counter = counter+1;     
    act_lambda2p(counter) = i;     
  
    lambda2_T = i;    %| Note that if this value is too high, 
TLT does not occur, program may fail 
     
    L2 = l2/lambda2_T; 
    %s1 = (P * 9.81) / (1000 * L2 * H * mu * 1000000);    %| 
Nominal Preload in Pa [ gram * gravity / (1000 * L * H) ] 
    s1= 0; 
    %s1 = (P * 9.81) / (1000 * (l2/6) * H * mu * 1000000); 
     
    lambda1_pre = lambda2_T^-0.5; 
    %lambda1_pre = bisection(s1);     
    [lambda1_pre] = 
fsolve(@solve_lambda1_pre,lambda1_pre,options); 
    act_lambda1(counter) = lambda1_pre; 
  
  
    %| Limiting Stretch and Maximum Stretch (this sets the 
upper limit for Uni mode) 
    % lambda2 = lambda, preload = 0 
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    lammax_all = roots([2.0 0.0 -(J_lim + 3.0) 0.0 0.0 0.0 
1.0]); 
    for n = 1:length(lammax_all); 
        if lammax_all(n) > 1.0; 
            lambda_lim = lammax_all(n); 
            lambda1_max_Uni = scale*lambda_lim; 
            lambda1_max_UniA = lambda_lim/(scale + 0.005); 
        end 
    end 
  
    A = 1; 
    B = -1 * (J_lim + 3 - lambda2_T^2); 
    C = 1 / (lambda2_T^2); 
    X = (-B + sqrt(B^2 - 4 * A * C)) / (2 * A); 
    lambda_lim = sqrt(X); 
    lambda1_max_PS = scale*lambda_lim; 
  
     
  
    %| Prestress due to Prestretch in Pure Shear 
    J = lambda1_pre^2 + lambda2_T^2 + lambda1_pre^-
2*lambda2_T^-2 - 3.0; 
    s1_pre = PS_1(lambda1_pre); 
  
    [lambda1_TLT] = fsolve(@solve_lam2_TLT,lambda1_pre,options); 
    if lambda2_T < lambda1_max_Uni 
        %| Label Transversal LT (this sets the upper limit for 
PS mode, lower limit for Uni mode) 
        [lambda1_TLT] = 
fsolve(@solve_lam2_TLT,lambda1_pre,options); 
        phi_TLT = voltage(lambda1_TLT); 
  
        %| Generating Data for pure shear to uniaxial voltage-
stretch 
        lambda1_PS = lambda1_pre:(lambda1_TLT - 
lambda1_pre)/steps:lambda1_TLT; 
        phi_PS = voltage(lambda1_PS); 
  
        if lambda1_pre < lambda1_max_Uni 
            lambda1_max = lambda1_max_Uni;  % This is scaled 
down to prevent plotting asymptote 
        else 
            lambda1_max = lambda1_max_UniA; % if it coincides, 
then artificially raise limit abit 
        end 
  
        lambda1_Uni = lambda1_TLT:(lambda1_max - 
lambda1_TLT)/steps:lambda1_max;      %| Enable this line to 
plot uniaxial from TLT onwards 
        lambda2_Uni = solve_lambda2(lambda1_Uni); 
  
        J = lambda1_Uni.^2 + lambda2_Uni.^2 + lambda1_Uni.^-
2.*lambda2_Uni.^-2 - 3.0; 
        phi_Uni = sqrt((lambda1_Uni.^-2 - lambda1_Uni.^-
4.*lambda2_Uni.^-4)./(1.0 - J./J_lim)); % Voltage-stretch for 
Uni portion 
        phi_EB_Uni =  e_EB.*lambda1_Uni.^-1.*lambda2_Uni.^-




    else 
  
        lambda1_PS = lambda1_pre:(lambda1_max_PS - 
lambda1_pre)/steps:lambda1_max_PS; 
        phi_PS = sqrt(lambda1_PS.^-1.*lambda2_T.^-
2.*(PS_1(lambda1_PS) - s1_pre)); 
        stress2_PS = PS_2(lambda1_PS) - 
phi_PS.^2.*lambda1_PS.^2.*lambda2_T;     
    end 
  
    phi_EB = e_EB.*lambda1_PS.^-1.*lambda2_T.^-1; 
  
    lambda1_rup = 0; 
    phi_rup = 0; 
    error_past = 999; 
    error_now = 0; 
  
        
    if min(phi_EB) < max(phi_PS)    % Check if EB lines crosses 
Voltage-stretch line for PS 
        if (act_PS_idx == 0) 
           act_PS_idx = counter;  
        end 
         
        for i = 1 : size(lambda1_PS,2) 
            error_now = abs(phi_EB(i) - phi_PS(i)); 
            if (error_now < error_past) 
                error_past = error_now; 
            else 
                lambda1_rup = lambda1_PS(i); 
                phi_rup = phi_EB(i); 
                break; 
            end 
        end 
  
    else    % EB line crosses Uni voltage-stretch line here 
         
        for i = 1 : size(lambda1_Uni,2) 
            error_now = abs(phi_EB_Uni(i) - phi_Uni(i));                     
            if (error_now < error_past) 
                error_past = error_now; 
            else 
                lambda1_rup = lambda1_Uni(i); 
                phi_rup = phi_Uni(i); 
  
                temp = phi_Uni(1:i); 
                [temp_max,temp_idx] = max(temp); 
                 
                if (temp_max > phi_rup) %Does not survive EMI 
                   phi_rup = temp_max; 
                   lambda1_rup = lambda1_Uni(temp_idx); 
                   act_EMI_idx = counter+1; 
                end 
                break; 
            end 
        end 
    end 
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    %| Generate Plots 
    subplot1 = subplot(1,1,1); 
    %PS plot 
    %plot(lambda1_PS,phi_PS,'linewidth',3,'color',[0 0.498 0]) 
    %hold on 
    if lambda2_T < lambda1_max_Uni 
        %Uni plot    
        %plot(lambda1_Uni,phi_Uni,'linewidth',3) 
        %hold on 
        %Transition point 
        %plot(lambda1_TLT,phi_TLT,'linewidth',3,'MarkerFaceColo
r',[0 0 1],'marker','square','markersize',10,'Color',[0 0.498 
0]) 
        %hold on 
  
  
        %plot(lambda1_Uni,phi_EB_Uni,'linewidth',3,'linestyle',
'--','color',[1 0 0]) 
        %hold on 
    end 
  
    %plot(lambda1_PS,phi_EB,'linewidth',3,'linestyle','--
','color',[1 0 0]) 
    %hold on 
    %Point of rupture 
    %plot(lambda1_rup,phi_rup,'linewidth',3,'marker','o','marke
rsize',10,'Color',[1 0 0]) 
    %hold on 
  























0]); %Pure shear 
  
plot(act_lambda2p(mx),act_stretch(mx),'linewidth',3,'marker','x



















fprintf('Program Run Time: %g seconds \n \n', toc); 
  
  
function F = voltage(x) 
global J_lim s1_pre lambda2_T 
J = x.^2 + lambda2_T.^2 + x.^-2.*lambda2_T.^-2 - 3.0; 
F = sqrt((lambda2_T.^-2 - x.^-4.*lambda2_T.^-4)./(1.0 - 
J./J_lim) - s1_pre.*x.^-1.*lambda2_T.^-2); 
  
%x takes lambda1 
%dw/dlambda2 = 0 
% ... - dw/dlambda1 = 0 
% equate both and solve for intersection 
function F = solve_lam2_TLT(x) 
global J_lim s1_pre lambda2_T 
J = x^2 + lambda2_T^2 + x^-2*lambda2_T^-2 - 3.0; 
F = (x - x^-1*lambda2_T^2)/(1.0 - J/J_lim) - s1_pre; 
  
  
function F = stress1(x) 
global J_lim 
J = x(1).^2 + x(2).^2 + x(1).^-2.*x(2).^-2 - 3.0; 
F = (x(1) - x(1).^-3.*x(2).^-2)./(1.0 - J./J_lim); 
  
function F = stress2(x) 
global J_lim 
J = x(1).^2 + x(2).^2 + x(1).^-2.*x(2).^-2 - 3.0; 
F = (x(2) - x(2).^-3.*x(1).^-2)./(1.0 - J./J_lim); 
  
%| Express lambda2 in terms of lambda1 for uniaxial 
% x takes lambda1 
function F = solve_lambda2(x) 
global J_lim s1_pre 
 A = J_lim - x.* s1_pre; 
 B = -1 .* x.^2 .* J_lim + x .* s1_pre .* (J_lim - x.^2 + 3); 
 C = -1 .* s1_pre ./ (x); 
 Y = (-B + sqrt(B.^2 - 4 .* A .* C)) ./ (2 .* A); 
 F = sqrt(Y); 
  
function F = solve_lambda1_pre(x) 
global J_lim lambda2_T s1 
J = x^2 + lambda2_T^2 + x^-2*lambda2_T^-2 - 3.0; 
F = (x^2 - x^-2*lambda2_T^-2) / (1 - J / J_lim) - s1 * x; 
  
  
function F = PS_1(x)    %Prestress in 1 direction 
global J_lim lambda2_T 
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lim_ratio = (x.^2 + lambda2_T.^2 + x.^-2.*lambda2_T.^-2 - 
3.0)./J_lim; 
F = (x - x.^-3.*lambda2_T.^-2)./(1.0 - lim_ratio); 
  
function F = PS_2(x)    %Prestress in 2 direction 
global J_lim lambda2_T 
lim_ratio = (x.^2 + lambda2_T.^2 + x.^-2.*lambda2_T.^-2 - 
3.0)./J_lim; 
F = (lambda2_T - x.^-2.*lambda2_T.^-3)./(1.0 - lim_ratio); 
  
  
function Middle = bisection(s1) 
TOL=1e-10; 
Error=1e10; 
Left=1; Right=5; %stretch to be bounded 
% Initialization of variables 
  
fLeft = f(Left, s1); 
fRight = f(Right, s1); 
while (Error>TOL) 
% Top of the Bisection loop 
Middle = (Left+Right)/2; fMiddle = f(Middle, s1); 
  
%Determine which half of the interval contains the root 
if ( fLeft * fMiddle <= 0 ) 
%The root is in left subinterval: 
Right=Middle; fRight=fMiddle; 
else 
% The root is in right subinterval: 
Left=Middle; fLeft=fMiddle; 
end 
% The root is now bracketed between (new) Left and Right 
Error=abs( (Right-Left)/Middle ); 
end 
  
function f=f(x, s1) 
global J_lim lambda2_T 
  
J = x^2 + lambda2_T^2 + x^-2*lambda2_T^-2 - 3.0; 
f = (x^2 - x^-2*lambda2_T^-2) / (1 - J / J_lim) - s1 * x; 
 
 
 
